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Assessing the Performance of the Haplotype Block Model of Linkage
Disequilibrium
Jeffrey D. Wall* and Jonathan K. Pritchard
Department of Human Genetics, The University of Chicago, Chicago
Several recent studies have suggested that linkage disequilibrium (LD) in the human genome has a fundamentally
“blocklike” structure. However, thus far there has been little formal assessment of how well the haplotype block
model captures the underlying structure of LD. Here we propose quantitative criteria for assessing how blocklike
LD is and apply these criteria to both real and simulated data. Analyses of several large data sets indicate that real
data show a partial ﬁt to the haplotype block model; some regions conform quite well, whereas others do not.
Some improvement could be obtained by genotyping higher marker densities but not by increasing the number of
samples. Nonetheless, although the real data are only moderately blocklike, our simulations indicate that, under
a model of uniform recombination, the structure of LD would actually ﬁt the block model much less well. Simulations
of a model in which much of the recombination occurs in narrow hotspots provide a much better ﬁt to the observed
patterns of LD, suggesting that there is extensive ﬁne-scale variation in recombination rates across the human
genome.
Introduction
There is currently great interest in the prospect of ge-
nomewide association studies to identify the genetic fac-
tors underlying complex diseases. To design these studies
appropriately, it is important to have a detailed descrip-
tion of linkage disequilibrium (LD) in the human ge-
nome (Kruglyak 1999). Information about the distri-
bution and extent of LD is critical for (1) estimating
how many markers will be needed to achieve acceptable
power in genomewide studies, (2) selecting markers ap-
propriately so that they reﬂect local patterns of LD, and
(3) designing statistical methods of analysis that make
optimal use of the data.
The extent of LD is highly variable across the genome
(e.g., Clark et al. 1998; Dunning et al. 2000; Taillon-
Miller et al. 2000; Reich et al. 2001, 2002; Wall and
Pritchard 2003), and the determinants of LD are not
yet fully understood (Pritchard and Przeworski 2001).
However, several recent empirical studies suggest that
the seemingly complex patterns of LD can be repre-
sented as a series of “haplotype blocks”—that is, con-
secutive sites that are in complete (or nearly complete)
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LD with each other (Daly et al. 2001; Patil et al. 2001;
Dawson et al. 2002; Gabriel et al. 2002; Phillips et al.
2003). Adjacent blocks are separated by sites that show
evidence of historical recombination. This model has
important implications for association mapping, be-
cause it implies that, by identifying haplotype blocks,
it is possible to predict the likely conﬁgurations of alleles
at unobserved sites. The International HapMap Project
aims to produce a genomewide haplotype map that can
be used to streamline association mapping.
It has generally been assumed that the presence of
haplotype blocks provides evidence for ﬁne-scale vari-
ation in recombination rates, with blocks corresponding
to regions of reduced recombination and interblock
regions corresponding to recombination hotspots (Daly
et al. 2001; Gabriel et al. 2002). Consistent with this
view, a few studies have found direct experimental ev-
idence for recombination hotspots (Lien et al. 2000;
Jeffreys et al. 2001; May et al. 2002; Schneider et al.
2002), and there are a small number of examples in
which boundaries of LD correspond roughly to exper-
imentally determined hotspots (Chakravarti et al. 1984;
Jeffreys et al. 2001; May et al. 2002; Li and Stephens,
in press). However, these studies provide examples of
recombination hotspots in just a few genetic regions; it
is not yet clear whether ﬁne-scale rate variation is a
general feature of the human genome, nor whether the
reported phenomenon of haplotype blocks implies that
it is (Wang et al. 2002; Phillips et al. 2003).
Thus far, a range of operational deﬁnitions has been
used to identify haplotype blocks in genotype data (Daly
et al. 2001; Patil et al. 2001; Dawson et al. 2002; Ga-
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briel et al. 2002; Wang et al. 2002; Zhang et al. 2002;
Phillips et al. 2003). However, there has been no attempt
to outline formal criteria that haplotype blocks should
meet if they are to be considered a good description of
the underlying structure of LD. Here we propose three
such criteria and apply them to existing data. As pre-
sented, our criteria relate speciﬁcally to the Gabriel et
al. (2002) block deﬁnition, which breaks blocks when
D′, a measure of LD between pairs of sites (Lewontin
1964), is substantially !1. This block deﬁnition was
chosen because it is directly related to the goal of de-
tecting historical recombination, which is central to the
block concept, and because it can be applied directly to
diploid data. The block deﬁnition of Gabriel et al.
(2002) also seems to perform reasonably well at con-
trolling the random noise inherent in D′. However, our
three criteria can be modiﬁed to treat other haplotype
block deﬁnitions, as well.
We report the results of applying these criteria to three
large human data sets: SNP data from Gabriel et al.
(2002) and resequencing data from the Seattle SNP
study (described, in part, by Carlson et al., in press) and
from the Environmental Genome Project (EGP) SNP
study. We also report the results of applying these cri-
teria to simulated data obtained under models with uni-
form recombination rates and under simple hotspot
models. Comparison of the actual and simulated data
can tell us whether observed patterns of LD provide
evidence for widespread ﬁne-scale variation in recom-
bination rates.
Our article aims to address three issues. (1) To what
extent does the haplotype block model capture the un-
derlying structure of LD? (2) Are recombination hot-
spots necessary to explain the observed patterns of LD
in human data? (3) What is the impact of experimental
design on the inferred haplotype block structure?
Material and Methods
Data Sets
Data from Gabriel et al. (2002).—The data were
downloaded from the Whitehead Institute Web site.
Regions 49a and 12b were excluded because the authors
reported systematic departures from Hardy-Weinberg
equilibrium and/or widespread genotyping failure, re-
gion 12b was excluded by the authors because of high
map instability, and regions 5a and 6a were unavailable.
This left 50 regions spread over a total of 12.2 Mb of
sequence. The data consisted of four populations: Utah
CEPH families, unrelated African Americans, unrelated
East Asians, and parent-offspring trios from Nigeria.
Trios 502, 583, and 903 from the Nigerian sample were
excluded because of apparent non-Mendelian inheri-
tance patterns (S. Gabriel, personal communication).
Our analyses considered only unrelated individuals,
leaving sample sizes of 48, 50, 42, and 58 individuals,
respectively, for the four populations. In these popula-
tions, there were a total of 1,932, 1,950, 1,736, and
1,821 SNPs, respectively, with minor allele frequency
(MAF) 0.1, and an average spacing between neigh-
boring SNPs of 6.2, 6.1, 6.7, and 6.5 kb, respectively,
in the different populations.
Seattle SNP data.—Polymorphism data (both SNPs
and indels) were downloaded from the University of
Washington Fred Hutchinson Cancer Research Center
(UW-FHCRC) Variation Discovery Resource Web site
on October 5, 2002. A total of 85 loci were available
on that date. Some loci were completely resequenced,
whereas others have small gaps. The data were obtained
by DNA resequencing of 24 unrelated African Ameri-
cans and 23 unrelated European Americans from the
Coriell Cell Repository (see Carlson et al. [in press] for
more details). In the African American (European Amer-
ican) sample, there were a total of 2,502 (2,023) seg-
regating polymorphisms with MAF 0.1, producing an
average marker spacing of 616 bp (820 bp) spread over
1.5 Mb (1.4 Mb) of sequence.
EGP SNP data.—The EGP SNP Web site was accessed
on October 5, 2002, and data (both SNP and indel) from
90 loci were downloaded at that time. As above, some
loci have small gaps in the regions that were resequ-
enced. Overall, they contained 1,886 segregating mu-
tations withMAF0.1, with an average marker spacing
of 946 bp spread over 1.7 Mb of sequence. The data
were obtained by resequencing 90 unrelated individuals
of mixed ethnicity from the DNA Polymorphism Dis-
covery Resource.
Deﬁnitions
Coverage criterion.—We followed the haplotype block
deﬁnition of Gabriel et al. (2002) with minor modiﬁ-
cations, as follows. We considered only biallelic variants
with MAF 0.1. Given a pair of such variants, there is
uncertainty in the “true” value of , because of the′FD F
ﬁnite sample size and the lack of phase information in
double heterozygotes. To deal with this, we followed the
method of Gabriel et al. (2002) for constructing ap-
proximate conﬁdence intervals on (see Ayres and′FD F
Balding [2001] for a Bayesian alternative).
For each site, we assumed that the true allele fre-
quencies equal the sample allele frequencies. Then, for
each pair of sites, we calculated the likelihood of the
diploid genotype data as a function of , in incre-′FD F
ments of 0.01. For , call this likelihoodkp 0,1,… ,100
. Deﬁne CL as the larg-
′l(k)p Pr (dataF FD Fp 0.01 # k)
est value of ( ) such that k1 1000.01 # k [ l(i)/ l(i)] ip0 ip0
, and deﬁne CU as the smallest value of ( )0.05 0.01 # k
such that . Each pair of SNPs100 100[ l(i)/ l(i)]  0.05ipk1 ip0
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was then classiﬁed into one of three categories. If
and , then the pair was consideredC  0.7 C  0.98L U
to be in “strong LD.” If , then the pair wasC ! 0.9U
considered to have “historical evidence of recombina-
tion.” All other pairs were categorized as “other.” These
latter pairs include both pairs with intermediate levels
of LD and pairs that are uninformative about the true
value of . A group of two or more consecutivemark-′FD F
ers was considered to be a haplotype block if (1) the
endpoint markers were in “strong LD” and (2) the num-
ber of pairs of markers in “strong LD” was at least 19
times the number of pairs of markers with “historical
evidence of recombination” (Gabriel et al. 2002). Mark-
ers were not permitted to be members of more than one
block.
This deﬁnition does not guarantee a unique solution
for parsing the data into disjoint blocks (as, for example,
when the “overlapping blocks” criterion described be-
low is violated). The algorithm that we implemented
ﬁnds the leftmost marker contained in a block and takes
the largest block containing this marker. The algorithm
continues by repeating the process, using only the mark-
ers to the right of the previously deﬁned block, until no
more blocks can be found. We deﬁne the length of a
haplotype block as the physical distance from the left-
most marker to the rightmost marker. Then, the coverage
proportion is deﬁned as the sum of the haplotype block
lengths divided by the total length of sequence. We tried
two other simple algorithms for assigning markers to
haplotype blocks; both yielded similar results.
Hole criterion.—Consider triplets of markers, labeled
“A,” “B,” and “C” (in that physical order), where A
and C are in “strong LD.” We deﬁne a “hole” as oc-
curring when either A and B or B and C (or both) show
“historical evidence of recombination.” Conversely, the
data are considered consistent if both pairs are in “strong
LD.” (All other situations are treated as uninformative
and are not considered.) As a function of the distance
between markers A and C, we tabulated the proportion
of comparisons that have a hole, summing across all
trios of sites within each region. Note that population
genetics theory predicts that low-frequency variants can
potentially be in strong LD over long distances, even
across relative hotspots of recombination. Therefore, the
hole criterion and the overlapping blocks criterion below
are primarily of interest for SNPs with reasonably high
MAF (hence, the cutoff of 0.1 used here).
Overlapping blocks criterion.—Suppose that pair A
and B and pair B and C are each in “strong LD.” The
data are considered consistent if A and C are also in
“strong LD.” If instead A and C show “historical evi-
dence of recombination,” then we have overlapping hap-
lotype blocks. (We do not consider triplets where A and
C are uninformative.) We calculated the proportion of
comparisons that result in overlapping haplotype blocks,
as a function of the distance between markers A and C.
The estimated rates of holes and overlapping blocks ob-
tained from the data tended to be more noisy than the
coverage results, because there is statistical dependence
among many of the trios from a given region, especially
when the outermost markers are widely separated.
Simulations
We used the coalescent with recombination (Hudson
1983) to simulate data for comparison with theNigerian
data from Gabriel et al. (2002). Like the data, the sim-
ulations had a sample size of n p 58 unphased diploid
individuals. We assumed a constant population size and
no population structure. Given the protocol of the Ga-
briel et al. (2002) study, it is not immediately clear how
to model the ascertainment bias of the SNPs that were
used. We used a model in which only polymorphisms
that segregated in the ﬁrst eight chromosomes were in-
cluded. This particular model was chosen over several
others because it provides a reasonably good ﬁt between
the observed and simulated distributions of MAFs (see
ﬁg. 1A). In contrast, models with more-stringent ascer-
tainment schemes (which might be more plausible a
priori), with or without recent population growth, led
to substantially worse ﬁts between observed and simu-
lated MAF distributions but to similar haplotype block
patterns, as measured by our three criteria (results not
shown). We used the same frequency cutoff (MAF0.1)
as in the analyses of the actual data and considered pop-
ulation sizes of , 15,000, and 20,000 indi-Np 10,000
viduals. For most of our simulations, we chose the pop-
ulation mutation parameter v (which is equal to ,4Nm
where m is the mutation rate per site per generation) in
such a way that the expected number of ascertained
SNPs in the simulations (after applying the frequency
cutoff) equals the actual number observed across the 50
regions. This corresponds to /bp and5vp 7.836 # 10
yields a distribution of marker spacing that is close to
the empirical distribution (see ﬁg. 1B).
Each replicate simulation was matched to the real data
by simulating 50 independent regions whose physical
lengths and average recombination rates matched the
corresponding values for each of the 50 regions sampled
by Gabriel et al. (2002). For each region, an estimate of
the average recombination rate was obtained from the
results of Kong et al. (2002). These recombination rate
estimates are based on observed meioses in pedigree data
and represent average rates between markers that ﬂank
the sampled regions.
We considered three different models of local varia-
tion in recombination rate. The uniform recombination
model assumes that r (the recombination rate per base
pair per generation) is constant within regions but varies
between regions, as described above. To examine the
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Figure 1 Comparison of the actual (African sample fromGabriel
et al. 2002) and simulated distributions of MAFs (A) and distances
between neighboring markers with MAF 0.1 (B). The distribution
of allele frequencies was obtained by tabulating the ﬁrst 80 informative
chromosomes at each segregating site (i.e., the ﬁrst 80 chromosomes
that did not have missing data) and was compared with simulations
of 80 chromosomes subject to the SNP ascertainment scheme described
in the text. The simulated distribution of intermarker distances is an
average over 100 replicates.
effects of ﬁne-scale variation in recombination rates (in
addition to regional variation in recombination rates),
we implemented a model with recombination hotspots.
We assumed a two-rate model for recombination in
which hotspots of length 1 kb are separated by coldspots
whose lengths are drawn from an exponential distri-
bution. This roughly corresponds to hotspots being ran-
domly distributed throughout the sequence. Our me-
dium hotspot model has 50% of all recombination
events happening in hotspots and an average of one hot-
spot every 30 kb. The strong hotspot model has 75%
of all recombination events happening in hotspots, with
an average of one hotspot every 50 kb. Within each
region, all three models were scaled to produce the same
average value of r as estimated for the corresponding
region in the original data.
Simulation of the coalescent with variation in recom-
bination rates was performed by simulating the coales-
cent with uniform recombination rates and varying mu-
tation rates, with the appropriate scaling. The physical
distances were then rescaled to produce the appropriate
ﬁnal model (cf. Li and Stephens, in press).
To examine the effects of marker density and sample
size on haplotype block patterns, we ran further simu-
lations of the medium hotspot model, with the same
ascertainment scheme and . This model was4Np 10
chosen because it provides a reasonably good ﬁt to the
data (see the “Results” section). These simulations used
sample sizes of n/2, 2n, and 4n individuals (with all other
parameters the same) or set , 2k, 4k, and 8k,vp k/2
where /bp (this multiplies the average5kp 7.836 # 10
marker density by .5, 2, 4, and 8, respectively, while
keeping all the other parameters the same).
We ran 100 replicates for all of the coverage-crite-
rion simulations and 20 replicates for the other two
criteria. Programs for the analyses were written in C and
are available from the authors on request.
Results
Haplotype Block Criteria
To measure how well real and simulated data ﬁt the
haplotype block model, we developed three criteria (ﬁg.
2). Informal descriptions and brief justiﬁcation are given
below. See the “Material and Methods” section for
quantitative deﬁnitions.
1. Coverage: Most or all of the physical length of the
sequence should be contained in identiﬁed haplotype
blocks. Clearly, the utility of a haplotype map would
be limited if a substantial part of the total sequence
is not actually contained in identiﬁed haplotype
blocks. The proportion of coverage by haplotype
blocks depends both on the underlying structure of
LD and on the experimental details, including marker
density and sample size.
2. Absence of “holes”: If a pair of SNPs is in strong LD,
then both SNPs should be in strong LD with SNPs
that lie in between. A key prediction of the haplotype
block model (and the strategy of the HapMap Project)
is that it is possible to make predictions about LD
with unobserved SNPs from surrounding SNPs that
are assigned to the same block. This is central to the
concept of haplotype blocks, as well as to the goal of
association mapping with a limited marker set ar-
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Figure 2 Schematic diagrams for the three haplotype block cri-
teria. Sites in strong LD with each other are indicated by the same
color. The coverage criterion calculates the proportion of sequence
that is contained in haplotype blocks, the “hole” criterion measures
how often blocks are disrupted by internal SNPs not in LD with their
neighbors, and the “overlapping blocks” criterion measures how am-
biguous haplotype block boundaries are. In the bottom diagram, the
black/green site is in strong LD with both black and green sites. See
the “Material and Methods” and “Results” sections for more details.
ranged in haplotype blocks.
3. Absence of “overlapping blocks”: There should be
few SNPs that can be assigned to more than one
block—that is, if an SNP is in strong LD with SNPs
to the left and right, then those SNPs should also be
in strong LD with each other. This criterion measures
the extent to which blocks are discrete and unam-
biguous. If there are many overlapping blocks, then
this indicates that any particular assignment of sites
to mutually exclusive blocks is arbitrary and not a
natural description of the data.
Fit of the Data to the Haplotype Block Criteria
We ﬁrst examined the coverage properties for the four
large sets of SNP data reported by Gabriel et al. (2002).
We found that the haplotype block coverage varies tre-
mendously across different genomic regions. Some are
almost completely covered by haplotype blocks, whereas
others have essentially no pairs of SNPs in strong LD
with each other (Wall and Pritchard 2003). Pairwise D′
plots for all regions (and all three studies), as well as
haplotype block comparisons across populations, are
available online at the Pritchard Lab Web site (click on
the “data Archive” link). These plots incorporate a fre-
quency cutoff of 0.1 for the minor allele, since the vast
majority of pairs with at least one low-frequency variant
are uninformative (results not shown).
Overall, the observed coverage proportions are strik-
ingly low (ﬁg. 3A). In each population, more than half
of the total region studied is not contained in identiﬁed
blocks: in Europeans, 54% is not in blocks; in African
Americans, 76%; in East Asians, 59%; and in sub-Sa-
haran Africans, 73%. The proportion of sequence con-
tained in long blocks (130 kb) varies considerably across
populations, ranging from 25%, in the European Amer-
ican sample, to only 5%, in the African American and
sub-Saharan African samples. The distributions of hap-
lotype block sizes for the East Asian and African Amer-
ican samples are very similar to those for the European
American and sub-Saharan African samples, respec-
tively, and therefore are not shown here.
Given the marker spacing in the Gabriel et al. (2002)
data sets (one SNP per 6.1–6.7 kb), it is possible that
the resolution is too low to detect small haplotype
blocks. Therefore, we conducted a similar analysis of
two publicly available large-scale resequencing studies
from D. Nickerson’s laboratory (see the “Material and
Methods” section). Resequencing studies ascertain es-
sentially all the common SNPs, so they have the highest
possible resolution for a given number of sampled in-
dividuals. Again, we found that a substantial part of the
sequence is not contained in identiﬁed blocks, although
the coverage is higher than for the Gabriel et al. (2002)
data (ﬁg. 3A). Indeed, as shown below, our simulations
indicate that increasing either the sample size or the
marker density generally leads to greater coverage for
the block deﬁnition used here.
The EGP SNP study examined a mixed sample of dif-
ferent ethnicities. Resampling experiments that we have
performed with the Gabriel et al. (2002) data suggest
that the haplotype block patterns in mixed samples are
likely to be biased towards groups with smaller blocks.
For example, with a sample of half European Americans
and half African Americans (a total of 48 individuals
from Gabriel et al. 2002), 70% of the sequence is not
contained in haplotype blocks, compared with 54% and
76%, respectively, for the European Americans and Af-
rican Americans exclusively (results not shown). Thus,
the EGP SNP study is more comparable to the sub-Sa-
haran African sample (Gabriel et al. 2002) in ﬁgure 3A.
Note that, unlike the Gabriel et al. (2002) data, in which
the effect is minimal, the proportion of sequence con-
tained in long blocks is underestimated in the two re-
sequencing studies, because of the limited sizes of the
regions sequenced.
We next looked at the frequency with which trios of
SNPs violate the “hole” and “overlapping blocks” cri-
teria (ﬁg. 3B and 3C). For all data sets, the results in-
dicate that a substantial fraction of trios violate the hole
criterion, especially when the outermost pair of markers
is widely spaced (see ﬁg. 3B). However, even two nearby
SNPs are frequently unreliable indicators of the patterns
of LD between them. For example, for SNPs in strong
LD that are separated by !10 kb, ∼10%–20% of the
Figure 3 Analyses of three data sets using the three haplotype block criteria. A, The proportion of sequence contained in haplotype blocks
of various sizes or not contained in blocks. The ﬁve samples presented are the European American Gabriel et al. (2002) sample, the African
Gabriel et al. (2002) sample, the European American Seattle SNP sample, the African American Seattle SNP sample, and the EGP SNP sample.
We deﬁne the size of a haplotype block to be the distance between the outermost markers, and the length of a region as the distance between
the most distant pair of markers. B and C, Probability of violating the “hole” (B) and “overlapping blocks” (C) criteria as a function of the
distance between the outermost pair in a set of three markers. See the “Material and Methods” section for details.
Figure 4 Comparison of simulation results (under different recombination rate variation models) to the African population from Gabriel
et al. (2002), using the three haplotype block criteria. A–C, Proportion of sequence contained in haplotype blocks of various sizes or not
contained in blocks. D–F, Probability of violating the “hole” criterion as a function of the distance between the outermost markers. G–I,
Probability of violating the “overlapping blocks” criterion as a function of the distance between the outermost markers. The simulations assume
different population sizes: (A, D, and G); (B, E, and H); and (C, F, and I). See the “Material andNp 10,000 Np 15,000 Np 20,000
Methods” section for more details.

510 Am. J. Hum. Genet. 73:502–515, 2003
intervening markers show “historical evidence of recom-
bination” (see the “Material andMethods” section)with
one of the two SNPs.
In contrast (ﬁg. 3C), we found that the frequency of
“overlapping blocks” was low at all distances (although
this rate also increases with distance). Thus, unlike the
previous two criteria, the data analyzed ﬁt the overlap-
ping blocks criterion reasonably well, indicating that the
ambiguity of block boundaries is relatively modest.
Comparison of the Data to Simulations
The haplotype block paradigm implicitly assumes that
recombination rates are low within blocks and higher
in the regions between blocks (Daly et al. 2001; Jeffreys
et al. 2001; Gabriel et al. 2002; Cardon and Abecasis
2003). To assess how patterns of LD are affected by
variation in recombination rates, we ran simulations un-
der the assumption of either a uniform recombination
rate or localized “hotspots” of recombination. The sim-
ulation parameters were chosen to allow comparison
with the sub-Saharan African data from the Gabriel et
al. (2002) study, since the patterns of variation in this
population seem to ﬁt a relatively simple demographic
model (see the “Material and Methods” section) better
than do patterns in other populations (Frisse et al. 2001;
Reich et al. 2001; Pluzhnikov et al. 2002). In a sense,
this choice turns out to be conservative, because the sig-
nal reported below would be even stronger if we were
comparing simulations to the non-African samples.
We ran simulations with three different population
sizes: , 15,000, and 20,000. Since the ex-Np 10,000
pected amount of LD is inversely correlated with the
population recombination rate r (which is equal to 4Nr)
(e.g., Ohta and Kimura 1969; Long and Langley 1999;
Pritchard and Przeworski 2001), we expect there to be
more LD (and thus longer haplotype blocks and greater
coverage) with smaller values of N. Estimates of N from
population genetic data tend to be ∼10,000–15,000
(e.g., Takahata 1993; Frisse et al. 2001; Yu et al. 2001).
Figure 4 shows comparisons between the simulated
data and the actual data for the three block criteria. We
ﬁnd that although only a minority of the genome is con-
tained in haplotype blocks in the actual data (27%), even
less (10%–20%) is contained in blocks in the simula-
tions with uniform recombination rates. Similarly, under
the assumption of uniform recombination rates, we also
ﬁnd that the “holes” and “overlapping blocks” criteria
are violated much more often than in the real data.
Therefore, although the actual data do not ﬁt the hap-
lotype block model particularly well (i.e., the data do
not perform well under two of three criteria), the ﬁt
under a model of uniform recombination rates is sub-
stantially worse.
Under a hotspot model, recombination is concentrated
into recombination hotspots, whereas most of the ge-
nome experiences lower recombination rates than the
average. This makes long regions of strong LD much
more likely. Consequently, coverage levels increase under
the hotspot models, whereas the frequencies of holes and
overlapping blocks both decrease (ﬁg. 4). When Np
, the medium hotspot model seems to ﬁt the data10,000
well, at least for the coverage and hole criteria. As N
increases, more rate variation is needed for the simulated
data to match the actual data. For , theNp 15,000
observed results lie between the predictions of the me-
dium and strong hotspot models, whereas, for Np
, the strong hotspot model agrees most closely20,000
with the actual data (for the coverage and hole criteria).
Curiously, the simulated frequencies of overlapping
blocks seem to be greater than or equal to the actual
frequencies for all parameter values. Although this might
have biological signiﬁcance, it may also have arisen by
chance, because of the considerable stochasticity asso-
ciated with estimates of overlapping block frequencies
from limited data (see above). In any case, our simula-
tions provide strong indirect evidence that there is wide-
spread ﬁne-scale variation in recombination rates.
Impact of Experimental Parameters on Inferred Blocks
Finally, we used simulations to explore the impact of
study design on the characteristics of haplotype blocks.
One important question is whether the relatively poor
performance of the block model under two of our cri-
teria is due simply to insufﬁcient sample sizes or marker
densities.
To explore this issue, we performed further simula-
tions of the medium hotspot model with 4Np 10
which, as described above, produces results very similar
to the Nigerian data of Gabriel et al. (2002). We ex-
amined how changes in sample size (ﬁg. 5) or marker
density (ﬁg. 6) affect patterns of LD, as measured by
our three criteria. Increasing the sample size leads to only
a slight increase in coverage (ﬁg. 5A) but also to a slight
increase in the frequency of holes (ﬁg. 5B) and a large
increase in the frequency of overlapping blocks (ﬁg. 5C).
For example, when individuals (a fourfold in-np 232
crease), the proportion of sequence contained in hap-
lotype blocks increases from 26% to 32%, while the
frequencies of holes and overlapping blocks (for dif-
ferent distances) increase by ∼20% and ∼100%,
respectively.
Increasing the marker density has a different effect:
the levels of coverage increase sharply (ﬁg. 6), whereas
the frequencies of holes and overlapping blocks are
roughly unchanged (results not shown). With a fourfold
increase in the number of markers, the coverage level
increases from 26% to 57%; an eightfold increase in
marker density (close to the theoretical maximum that
Figure 5 The effect of varying sample size on the “coverage” (A), “hole” (B), and “overlapping blocks” (C) criteria. The simulations
assume a population size of and the medium hotspot model (see the “Material and Methods” section for details). n refers to theNp 10,000
number of individuals sampled. The simulations are roughly comparable to the sub-Saharan African data from Gabriel et al. (2002).np 58
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Figure 6 The effect of varying marker density on the “coverage” criterion. The simulations assume a population size of andNp 10,000
the medium hotspot model (see the “Material and Methods” section for details). The simulated marker density is proportional to the mutation
rate parameter v. The simulations with are roughly comparable to the sub-Saharan African data from Gabriel et al. (2002), wherevp k
/bp. The simulations with produce a marker density only slightly lower than would be obtained by complete rese-5kp 7.836# 10 vp 8k
quencing in an ascertainment sample of eight chromosomes (Frisse et al. 2001).
could be achieved by a full resequencing study) yields a
coverage level of 71%. If one had the choice of increas-
ing either the sample size or the marker density, increas-
ing the latter is clearly more desirable.
Discussion
The ﬁrst large-scale haplotype block studies showed that
some characteristics of LD data are blocklike, but they
did not assess the extent to which patterns of LD can
be fully described by the haplotype block model (Patil
et al. 2001; Dawson et al. 2002; Gabriel et al. 2002).
Thus, it has been unclear to what degree the notion of
haplotype blocks is an approximate heuristic for inter-
preting complex patterns of LD, as opposed to a model
that genuinely captures the true structure of LD across
the genome. To address this issue, we proposed three
quantitative criteria for measuring how well the struc-
ture of LD in human data ﬁts a strict model of haplotype
blocks. Our results were somewhat mixed, since we
found that, for existing studies, coverage proportions
were quite low, and also that the frequency of “holes”
is nonnegligible. In contrast, the rate of overlapping
blocks (and, hence, the ambiguity involved in assigning
sites to blocks) was fairly low. Overall, however, despite
these departures from a strict haplotype block model,
the real data conform to haplotype blocks much better
than would be predicted by simulating data with a uni-
form recombination rate. This was true for all
populations.
Although a few recombination hotspots have been
characterized experimentally (Lien et al. 2000; Jeffreys
et al. 2001; May et al. 2002; Schneider et al. 2002),
there is no direct experimental information yet about
how widespread ﬁne-scale variation in recombination
rates is. Moreover, even if there were widespread var-
iation in local recombination rates, it does not follow
that the structure of LD would be strongly blocklike.
Our simulations indicate that rate heterogeneity must
be extremely pronounced to produce data that really ﬁt
the haplotype block model. For example, even our
model in which half of all recombination events happen
in just 3% of the sequence can provide a poor ﬁt to the
haplotype block model when all three of our criteria
are used (see ﬁg. 4). Thus, we ﬁnd strong support for
rate heterogeneity while still ﬁnding substantial depar-
tures from the haplotype block model.
In a sense, our results can be viewed as showing that
there is an excess of medium- and long-range LD com-
pared with what would be expected with uniform re-
combination rates (see, e.g., the frequencies of medium
and large blocks in ﬁg. 4A–4C); one natural explanation
for this excess of LD is widespread heterogeneity in
recombination rates (Reich et al. 2002). Although other
studies have found an excess of long-range LD (Dunning
et al. 2000; Abecasis et al. 2001; Reich et al. 2001,
2002; Dawson et al. 2002; Innan et al. 2003), they have
done so with European or ethnically mixed samples. It
has been postulated that European populations have
experienced a recent bottleneck (i.e., a temporary sharp
reduction in effective population size) (Tishkoff et al.
1996; Reich et al. 2001), and bottlenecks are known to
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increase levels of LD (Reich et al. 2001; Wall et al.
2002). Therefore, it is not known whether the results
of previous studies are due to the effects of population
history, or whether they reﬂect the underlying recom-
binational landscape.
We have improved upon previous studies by consid-
ering a Nigerian population that is more likely to be at
equilibrium and by explicitly examining how recom-
bination rate heterogeneity affects patterns of LD. Stud-
ies of a Hausa population (sampled in neighboring
Cameroon) found no departures from a simple equilib-
rium model (Frisse et al. 2001; Pluzhnikov et al. 2002).
Also, our model of a constant-sized population with
is actually conservative for our purposes;Np 10,000
more-realistic models that incorporate either a larger
effective population size or recent population growth
lead to substantially less LD (results not shown). Al-
though there remains the possibility that there is some
unknown population structure or admixture in the Ga-
briel et al. (2002) Nigerian sample, both of which are
known to increase levels of LD (Wall 2000; Pritchard
and Przeworski 2001), this seems unlikely given the rel-
atively low levels of LD found at short scales in the
nearby Hausa (Frisse et al. 2001; L. Frisse and A. Di
Rienzo, personal communication).
With a demographic explanation unlikely, the global
excess of LD probably results from ﬁne-scale variation
in recombination rates. The parameters in our hotspot
model are comparable to what has been estimated from
sperm typing studies (Jeffreys et al. 2001); clearly, how-
ever, more empirical data must be gathered before we
can be conﬁdent that our models are a reasonable ap-
proximation. We point out that the apparent conﬂict in
patterns of LD at short scales (Frisse et al. 2001) versus
medium and long scales (present study; see also Prit-
chard and Przeworski 2001) may be explained in part
by high rates of intragenic gene conversion without
exchange of ﬂanking markers (Ardlie et al. 2001; Frisse
et al. 2001; Pritchard and Przeworski 2001; Przeworski
and Wall 2001). Since mean tract lengths are thought
to be small (e.g., !1 kb), gene conversion increases ef-
fective recombination rates at short scales while having
a negligible effect on LD at longer distances (Andolfatto
and Nordborg 1998). The higher-than-expected fre-
quencies of holes at short distances in the actual data
(ﬁgs. 3 and 4) are also consistent with this hypothesis.
In summary, our results show that the structure of
LD is “blocklike” in some regions but not in others.
This suggests that the usefulness of the haplotype block
concept for future association studies will be uneven
and will depend on the patterns of LD in the speciﬁc
genomic regions that are considered. One likely deter-
minant of how blocklike patterns of LD are is howmuch
variation there is in local recombination rates. Although
our analyses suggest that a substantial degree of rate
variation is necessary to explain the overall patterns of
LD in the data, further empirical studies will be required
to determine the extent to which the variation in block-
iness from region to region reﬂects differences in the
underlying recombinational landscapes.
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